In this paper, we propose light-emitting diode (LED) selection that can be applied not only to the conventional Multiple-Input Multiple-Output (MIMO) case, but also to a larger MIMO configuration of generalized LED index modulation (GLIM) system with optical orthogonal frequency division multiplexing (OFDM) in visible light communication (VLC). Moreover, we derive a simplified implementation of the maximum a posteriori (MAP) detector when the number of LEDs is an even number larger than four. Simulation results show that the performance of MAP and LED selection is better than other detection algorithms for larger even numbers of LEDs and conventional GLIM for 4 × 4 transmission, respectively.
I. INTRODUCTION
V ISIBLE light communication (VLC) which utilizes optical wireless communication technology via high-power and high-speed modulated light-emitting diodes (LEDs) as the transmitters and photo detectors (PDs) as the receivers has the advantages of a high transmission rate, energy preservation, and secure data communication [1] . As have been many studies on multiple-input multiple-output VLC (MIMO-VLC) systems, including both theoretical analysis and experimental demonstrations [2] , [3] .
MIMO-based VLC schemes significantly suffer from performance degradation because indoor optical wireless channels have a strong correlation [3] . There are efforts to decorrelate the channels include altering the angle of PDs [4] , [5] , [6] , using imaging lens and a detector array [2] , or power allocation between transmitters [3] .
Lately, orthogonal frequency division multiplexing (OFDM) with its high spectral efficiency and robustness to channel impairments has been frequently used in optical wireless communications [7] such as DC-biased optical OFDM (DCO-OFDM) [8] and asymmetrically clipped optical OFDM (ACO-OFDM) [9] . These schemes also have trade-offs between various parameters that are related to system performance such as power efficiency, data rate, number of the OFDM sub-carriers.
Furthermore, optical spatial modulation (OSM) in VLC exploits the spatial domain as a solution to reduce interferences between transmitters [10] . Non-DC-biased OFDM (NDC-OFDM) in [11] was proposed to transmit positive and negative signals separately without DC bias while non-Hermitian symmetry OFDM (NHS-OFDM) in [12] required DC bias to transmit real and image parts of signals by two LEDs. Recently, the GLIM and extended GLIM techniques for 4 × 4 MIMO-based OFDM systems were proposed in [13] , [14] to overcome the need for Hermitian symmetry or DC bias, which are generally demanded for OFDM-based VLC systems.
Performance of the 4 × 4 case was presented in [14] . However, a generalization of the results in [14] to a larger number of LEDs was not discussed and application of the GLIM in [14] to larger number of LEDs system showed worse performance.
In this letter, we expand GLIM to even numbers of LEDs larger than four, and derive a much simpler MAP-based demodulation algorithm at the receiver. We also propose LED selection to decorrelate MIMO channels for performance enhancement. The LED selection technique can be applied to the 4 × 4 GLIM case with various channels for channel decorrelation, and show better decorrelation performance when the number of LEDs is larger than four. Simulation results show that when the number of LEDs increases, the proposed system achieves much better performances than the original GLIM system.
II. PROPOSED GLIM SYSTEM
We introduce the system model of the proposed GLIM scheme based on the original GLIM system [14] , which focuses on MIMO transmission n T × n R where n T , n R are number of LEDs and PDs, respectively. The general explanation of LED selection for large numbers of LEDs will be discussed in the next subsection.
Fig. 1. Proposed transmitter model

A. System Model
The proposed system model has multiple LEDs and PDs. Let n T and n R be the number of LEDs and PDs, respectively, where n T is assumed to be an even number for GLIM. Let the vector z be the transmitted signal from the n T LEDs at time k, written as z = [z 1 · · · z n T ] T .
The time-domain OFDM signals x l in x T , l=1, · · · , N are separated into their real and imaginary parts as x l = x l,R + jx l,I and converted into a time domain signal vector as
Then, the 'P/S' box chooses n T /2 elements in t in consecutive order as t k , t k+1 , ..., t k+n T /2−1 . The index k is in the set {1, n T /2 + 1, n T + 1, ...}.
Let sgn(a) be
The real signal t k+l after '+/-' box can be transmitted as
The signals t + l and t − l with l=1, 2, · · · , n T /2 can be mapped to z. Let the LED set L be {1, 2, · · · , n T }. Then n T /2 signals can be transmitted through n T /2 sets of s 1 , · · · , s n T /2 , which are subsets of L. Moreover, the sets s 1 , · · · , s n T /2 are mutually exclusive and collectively exhaustive.
Each of the vectors s 1 , · · · , s n T /2 will represent the signals
The signal z is transmitted over the n T × n R optical MIMO channel as y = Hz + n, where y = [y 1 , · · · , y n R ], is the received signal. The signal z contains the electrical signals obtained from PDs, and the real-valued additive white Gaussian noise n whose elements are distributed as N (0, σ 2 w ).
B. LED Selection in GLIM
The LED selection technique is used to improve the performance of the GLIM system with the MAP detector which is affected by the correlation between LEDs. In particular, a candidate 
where . denotes the l 2 -norm and b) the condition number between active channel columns
where λ max , λ min are the maximum and minimum singular values of the channel matrix,
respectively. An algorithm to jointly optimize two terms will first remove candidates mostly impacted by an incorrect active decision, then select the candidate that can give the best channel capacity. These steps are described in Algorithm 1.
Algorithm 
C. MAP Detection
Among the three detection algorithms, e.g., zero-forcing (ZF), minimum mean-square error (MMSE) and MAP, MAP is considered here, since its performance provides the best performance improvement [14] . Meanwhile, the MAP detection in [14] is focused on the 4×4 case and requires a complex mathematical representation with a higher dimensional system such as 8, 16, or more LEDs.
To employ MAP for more complex systems, we derive a much simpler representation of the solution that can be used in any GLIM system. For generality, take a VLC system with an n T × n R channel matrix H = h 1 h 2 ... h n T , where l = 1, ..., n T is the l-th column of H, the received signal is
wheret l = |t l | and h Φ l is either h s l (1) or h s l (2) , l = 1, ...n T /2. For a given set Φ = h Φ 1 , ...h Φ n T /2 , by taking into account the clipped Gaussian distribution of the transmitted signal as the prior information [14] , the conditional MAP estimation oft can be obtained in a fashion similar to [14] , ast
..h Φ n T /2 is one of 2 n T /2 matrix candidates of size n R × n T /2 and corresponding to the set Φ. Differentiating second part of (4) with respect tot Φ and equating it to zero, the solution fort Φ is
where 
wheret l =tΦ l . By precalculating the values of A Φ for all cases of the set Φ beforehand and storing them at the receiver, the demodulation procedure is presented in Algorithm 2. (5) 4:
Calculatet, H active from equation (6) 5: end for 6: returnt
III. NUMERICAL RESULTS
We consider an 8 × 8 GLIM system arranged in a square shape as in Fig. 3 , where one side of the square of the LEDs is 4 meters and the corresponding side for PDs is 1 meter. The stand for four parallel NDC-OFDM systems [11] , eight parallel vertical Bell Laboratories Layered Space-Time ACO-OFDM systems [9] , and combination of DCO-OFDM [8] with OSM [10] , respectively. BERs of GLIM with MAP are still better than 8 × 8 reference systems, which is similar to the 4 × 4 case in [14] . To examine the effectiveness of LED selection, results of reference GLIM [14] and the proposed GLIM for 4 × 4 transmission are shown in Fig. 6 where physical channel A, physical channel B, and physical channel C are same with the ones in [14] . From Algorithm 1, LED selection is determined as s 1 = {1, 3} and s 2 = {2, 4}. Over the three channels, BER performances of the proposed system are better than the ones in [14] .
To demonstrate LED selection can be implemented with larger number of LED systems, 
IV. CONCLUSION
Simplified MAP and LED selection are proposed to enhance the transmission when the number of LEDs is even and larger than four. These schemes are not just extensions of 4×4 transmission, but they are also more efficient techniques for high order transmission. Simulation results show that the proposed MAP and LED selection lead to significant performance improvements in VLC systems.
